An investigation of the distribution and habitat utilization of spionid polychaetes in Tokyo Bay revealed eight shellboring and 18 non-boring (interstitial, epifaunal, and infaunal) species, of these 11 species were recorded in the area for the first time. Most of the boring and interstitial species, which are associated with mollusc shells, were mainly distributed in exposed environments favoured by their host species outside Tokyo Bay. Only two boring species, Polydora websteri and Polydora haswelli preferred the enclosed waters of Tokyo Bay. Epifaunal and infaunal species were mainly distributed in the sandy and/or muddy sediment within Tokyo Bay. A widespread or localized distribution pattern within species was observed corresponding to the larval developmental mode. We concluded that habitat availability determines distribution patterns of spionid polychaetes around Tokyo Bay. Novel habitats for Boccardiella hamata, Boccardia proboscidea, Carazziella spongilla, and Polydora cornuta were recorded. Boccardia pseudonatrix, which was recorded for the first time from Japan with clear locality information, is considered to be a potential alien species.
Introduction
The family Spionidae, one of the largest and most diverse taxa of polychaetous annelids, is a major component of marine and estuarine benthic communities all over the world. The spionids are widely distributed from deep-sea to freshwaters (e.g. Glasby and Timm 2008; Paterson et al. 2016 ). The group is well known to utilize various substrates such as bottom sediment, sand or mud deposits in crevices of stones, rocks, shells, and byssus and to associate with other invertebrates. Some spionids can bore into various hard calcareous substrates (Blake and Evans 1972) . Shell boring ability is considered to be species specific (Sato-Okoshi 1999 , 2000 , although there are some exceptions (e.g. Radashevsky and Pankova 2013) . In addition to the ability to exploit a wide range of habitats that are not utilized by other invertebrates (Blake 1996) , the great plasticity in feeding methods (Dauer et al. 1981) and diverse reproduction and developmental modes (Blake and Arnofsky 1999) are presumed to play an important role in the evolutionary success of spionids.
Spionid polychaetes, especially in polydorids (the genera: Polydora, Dipolydora, Pseudopolydora, Boccardia, Polydorella, Tripolydora, Boccardiella, Carazziella, and Amphipolydora), are well known as invasive polychaetes worldwide and pose a potential risk of marine biological invasion (Çinar 2013) . In most cases, the invasion pathway of spionids is considered to be through ship fouling or ballast water (Carlton 1985; Çinar 2013) . Additionally, anthropogenic translocation of molluscs for aquaculture is a significant invasive pathway for spionids, which bore into, or associate with, commercially important molluscs (Simon and Sato-Okoshi 2015) . The rapid globalization and increasing trends of the living shellfish trade worldwide in recent decades have accelerated marine biological invasions of the boring spionid polychaetes (Radashevsky and Olivares 2005; Sato-Okoshi et al. 2008) . Biological invasions are one of the most important direct drivers of biodiversity loss and a major pressure on several types of ecosystems (Katsanevakis et al. 2014) . Nevertheless, little attention has been paid to marine biological invasions, especially in unintentionally transported species including spionids ). An understanding of basic ecology, including environmental preference and habitat utilization patterns of the spionids which pose a potential risk of marine biological invasion, is useful for the prediction of their expansion and of the potential ecological impacts when the species invade a new geographical region. In particular, such studies in areas which include big international trading ports and thus susceptible to biological invasions would provide valuable information in the context of the real invasion problems.
Tokyo Bay, which is surrounded by Boso Peninsula and Miura Peninsula (Fig. 1) , is one of the biggest 'melting pots' of alien species in Asia as a consequence of the presence of Tokyo Port, one of the biggest international trading ports in Japan (Asakura 1992; Iwasaki 2006) . Extensive loss of tidal flats by reclamation has occurred in the twentieth century (Furukawa and Okada 2006) . Owing to a large population and intensive industrial activity surrounding the bay, eutrophication often leads to seasonal hypoxia of bottom waters. Wind-driven coastal upwelling of the hypoxic water sometimes causes mass mortality of marine organisms (Takeda et al. 1991) .
Although Tokyo Bay connects to open ocean adjacent to the Sagami Gulf via the Uraga Channel, water exchange is limited by the narrow width (7 km) of the channel ( Fig. 1 ; Sukigara and Saino 2005) . Huge environmental differences between the inside (north of the boundary line from Cape Futtsu on Boso Peninsulato to Cape Kannonzaki on Miura Peninsula, an enclosed bay) and outside (Uraga Channel and open ocean) of Tokyo Bay allow an evaluation of the environmental preferences of spionid species.
In the present study, to reveal the distribution of the spionid fauna occurring around Tokyo Bay and the detection of potentially invasive alien species, a field survey across a wide variety of habitats was carried out. This was also intended to indicate environmental preferences and habitat utilization patterns of the spionids, as well as the relationships between habitat availability and distribution pattern especially focused on the polydorid spionids.
Methods
Sampling of spionid polychaetes was conducted at 24 sites around Tokyo Bay ( Fig. 1 ; outside of the bay: A-I, inside of the bay: J-X) during the period from July 2012 to July 2016 (Table 1) . Mollusc species (23 gastropods, 18 bivalves, and 4 chiton species) and other invertebrate species were obtained by sample collection from the intertidal or the upper part of the subtidal zone, and harvested molluscs with origin labels were also purchased at the sales office of the local fishery cooperatives (Table  1) . Spionid individuals that excavated their burrows into shells of molluscs were extracted by fracturing the shells with cutting pliers. Individuals that inhabit interstitial habitats were collected from crevices between adherent substrates and the shell of oysters, which attached to rocks, concrete seawalls, and concrete slopes. Individuals that inhabit the bottom sediment were collected from the intertidal zone by sieving the sediment through 1-mm mesh, and were collected from subtidal zones in Odaiba and off-Kisarazu (c.a. 20 m depth) by SCUBA and Smith-McIntyre grab sampler, respectively (Table 1) . Collected spionids were identified under a stereomicroscope (MZ16A, Leica; SZX16, Olympus) and biological microscope (DM 4000B, Leica). They were classified as boring and non-boring (interstitial, epifaunal, and infaunal) species according to their habitat types ( Fig. 2 ; Sato-Okoshi 1999 , 2000 .
To compare spionid fauna across study sites and spatial distribution trend across spionid species, cluster analysis with the group average linkage method and two-dimensional non-metric multidimensional scaling (nMDS: Anderson and Willis 2003) was conducted based on the Jaccard similarity coefficient matrix calculated from the presence/absence data matrices using R3.5.1 statistical software with the R package vegan (Oksanen et al. 2018 ). The hierarchical cluster dendrograms showing the similarity relationship of the sites and species were generated with colour mapping to graphically display presence/absence status of the species. To examine which environmental factors can explain the spatial pattern of the spionid fauna, correlations between the nMDS ordination by site and location (outside or inside of Tokyo Bay) and environment (rocky shore, fishery harbour, tidal flat, subtidal, and brackish water pond) of the study sites were calculated and plotted onto the ordination by using envfit function in the vegan (Oksanen et al. 2018) . To examine whether the species spatial distribution trend can be explained by the species habitat types, correlations between the nMDS ordination by species and habitat type (boring, interstitial, epifaunal, and infaunal) were also calculated and plotted onto the ordination by using envfit function. Site T was excluded from these analyses due to inadequate data without any spionid species.
To examine host utilization pattern of the shell boring spionid polydorid species, cluster analysis was conducted based on the presence/absence data matrices of the mollusc species in the same manner as described above. The molluscs which were host to one or more polydorids were graphically displayed as colour mapping with the hierarchical cluster dendrograms. Sites G, H, J, L, and P were excluded from the analysis due to inadequate data without any mollusc species.
Results

Spionid fauna around Tokyo Bay
In total, 26 spionid species were collected from water areas around Tokyo Bay, of which eight, four, three, and 11 species were shell boring, interstitial, epifaunal, and infaunal spionid species, respectively (Fig. 3) . The hierarchical cluster dendrograms calculated from the presence/ absence data showed a clear difference in the spionid fauna of hard (rocky shore and fishery harbour) and soft (tidal flat and subtidal) substrates (Fig. 3) . Outside Tokyo Bay, a hard bottom environment is predominant, while inside Tokyo Bay a soft bottom environment is most common: This difference is reflected in the spionid fauna. Two-dimensional nMDS ordination showed significant correlation between the spatial pattern of the spionid fauna and location (outside and inside of Tokyo Bay) and environment (rocky shore and tidal flat) (Fig. 4a) . Correlations between spatial distribution trend of each spionid species and their habitat types showed little significant relationship except for infaunal species (Fig. 4b) . Fig. 3 The black and white colour mapping showing the presence or absence of the spionid species with the hierarchical cluster dendrograms according spionid fauna showing the similarity relationship across the sites and species. Dendrograms are generated by using group average linkage clustering method based on Jaccard similarities coefficient calculated on the presence/absence data of spionids at study site A-X. Location (outside or inside of Tokyo Bay) and environment of the study sites as well as habitat type of the species are indicated by black and white, or grey-scale colours. Site T is excluded from the analysis due to inadequate data without any spionid species
Boring species
In total, eight shell boring species of spionid polychaetes were collected from mollusc shells around Tokyo Bay (Fig.  3) . The highest number of boring species was recorded at Kominato (site A) outside of Boso Peninsula (5 species) followed by Jogashima (site I) in the southernmost point of Miura Peninsula (3 species). In Tokyo Bay, the number of boring species tended to be low and only two boring species, Polydora haswelli and Polydora websteri, were collected. Polydora onagawaensis was the species collected from the largest number of sampling sites (6 sampling sites) at outside of Tokyo Bay.
Excavation of spionid polychaetes was confirmed in 8 gastropod and 3 bivalve species out of 22 gastropod and 10 bivalve species examined (Fig. 5) . Spionid excavation of the shells of Polyplacophora, limpet and infaunal bivalves was not observed (excluded from analyses). The top shell Omphalius pfeifferi pfeifferi and the Pacific oyster Crassostrea gigas were the most frequently observed host shells that were bored by spionids. Spionid infestation of the top shell was observed in 3 spionid species at 4 sampling sites outside Tokyo Bay. Infestation of the oyster was observed in 4 spionid species at 1 sampling site outside Tokyo Bay and 5 sampling sites in Tokyo Bay (Fig. 5) . The hierarchical cluster dendrograms calculated from the presence/absence data of mollusc species showed a difference of molluscan fauna between inside and outside Tokyo Bay except Chikura (site B; Fig. 5) . Overall, the diversity of molluscs was high outside Tokyo Bay and low inside it, while the number of mollusc species with spionid infestation tended to be higher outside of the bay and lower inside the bay.
Interstitial and epifaunal species
In total, four interstitial species of spionid polychaetes were collected from crevices between adherent substrates and the shells of oysters, which were attached to rocks, concrete seawalls, and concrete slopes (Fig. 3) . Two of the interstitial species, Boccardiella hamata and Boccardia proboscidea, were also observed within the marine sponge Hymeniacidon sinapium in Kominato (site A) and Chikura (site B), respectively. Both species formed their tubes within tissues of the sponge (Fig. 6) . Pseudopolydora tsubaki was collected from crevices between adherent substrates and the shells of oysters that had attached to concrete slopes in Tomiura (site D), while the species was also collected from muddy bottom sediment of the intertidal area in Ena Bay (site G). Interstitial species were frequently observed outside of Tokyo Bay, but were rarely observed in Tokyo Bay (Fig. 3) . Boccardiella hamata showed a relatively wide distribution from Kominato (site A) to Kisarazu (site L). Conversely, the other three interstitial species were only collected from one or two sites. Boccardia pseudonatrix (Fig. 7) was The three epifaunal species, Polydora cornuta, Carazziella spongilla, and Polydorella dawydoffi, which made mud or sand tubes on the substrate surface, were observed to attach onto a wide variety of substrates. Polydora cornuta was collected from the shell surface of Crassostrea gigas in Odaiba (site U) and Yoro (site N), the surface of exotic solitary ascidians Molgula manhattensis (Odaiba), and also from within mussel beds (Odaiba). Carazziella spongilla was collected from surface of rocks (Fig. 2C ) in an artificial brackish water pond in Inage (site P) and the shell of oysters in brackish environments of Kasai (site S). Those epifaunal species were observed to inhabit only areas within Tokyo Bay (Fig. 3) . Polydorella dawydoffi was only observed on the surface of a sponge species Demospongiae sp. at a rocky shore in Kominato (site A) outside of Tokyo Bay.
Infaunal species
In total, 11 infaunal spionid species were collected from bottom sediment around Tokyo Bay (Fig. 3) . Infaunal species were often observed in Tokyo Bay but were rarely Fig. 5 The colour mapping showing the host utilization of boring spionid polydorid species with the hierarchical cluster dendrograms according mollusc fauna showing the similarity relationship across the sites and species. Dendrograms are generated by using group average linkage clustering method based on Jaccard similarities coefficient calculated on the presence/absence data of molluscs at study site A-X. Presence of each boring spionid species in the host mollusc shell and presence or absence of the traces of spionid excavation as well as absence of the mollusc species are indicated by colours. Location (outside or inside of Tokyo Bay) and environment of the study sites as well as taxonomic group of the host mollusc species are indicated by black and white, or grey-scale colours. Sites G, H, J, L, and P are excluded from the analysis due to inadequate data without any mollusc species. a : only dead shells were observed collected from outside the bay, excluding Ena Bay (site G) in Miura Peninsula. Pseudopolydora cf. reticulata was the most frequently observed species (8 sites). Pseudopolydora cf. kempi and Ps. cf. reticulata, two morphologically similar species, occurred sympatrically in 4 sites: Ena (site G), Obitsu (site K), Sanbanze (site R), and Odaiba (site U). Pseudopolydora achaeta was collected only from sediment with a depth of 20 m off Kisarazu (site L). Pseudopolydora paucibranchiata was collected from muddy bottom sediment in 3 sites, below a depth of 5 m depth in Odaiba (site U) and also from the periphery region of a seagrass (Zostera japonica) bed in the lower intertidal zone in Ena (site G) and Bishamon (site H).
Discussion
Novel species records and potential alien species in vicinity of Tokyo Bay
In the present study, 11 spionid species, Polydora calcarea, Polydora onagawaensis, Dipolydora bidentata, Dipolydora giardi, Boccardiella hamata, Boccardia proboscidea, Boccardia pseudonatrix, Pseudopolydora tsubaki, Carazziella spongilla, Polydorella dawydoffi, and Pseudopolydora achaeta were recorded for the first time from the vicinity of Tokyo Bay, including the Boso and Miura Peninsulas. As almost all of them have been already recorded within Japan (Sato-Okoshi 1999 , 2000 Sato-Okoshi and Abe 2013; Teramoto et al. 2013; Abe et al. 2014 Abe et al. , 2016 Yamada and Hoshino 2014; Simon et al. 2019) , these species were considered to be native to Japan or questionable in origin. It is noteworthy that Boccardia pseudonatrix (Fig. 7) was recorded for the first time from Japan with clear locality information (see Sato-Okoshi et al. 2015 , as extracted from oyster Crassostrea gigas). This species is considered to be a potential alien species because the species has, until now, only been recorded from localities distant from Japan: South Africa (Day 1967; Simon et al. 2010) and Australia (Blake and Kudenov 1978; Sato-Okoshi et al. 2008 , as B. knoxi: see Sato-Okoshi et al. 2015 Walker 2013 ), despite they have relatively low natural dispersal ability due to adelphophagic development without long planktonic larval phase (Simon 2015) .
Habitat utilization by spionid polychaetes
In the present study, the shell boring spionids usually inhabited multiple species of mollusc shells (Fig. 5) , as reported in previous studies (Sato-Okoshi 1999, Simon and , while a certain degree of limitation in host utilization was assumed. Only one third of the mollusc species examined were bored by spionids even though molluscan species had overlapping distributions (Fig. 5) . The factors responsible for restricting the molluscan species bored are unclear, but it should be noted that boring by spionids has seldom been reported from supralittoral and/or upper-intertidal gastropods (e.g. Littorina brevicula), deep burrowing infaunal bivalves (e.g. Ruditapes philippinarum), and species with iron rich (chitons and some limpets; Okoshi, unpublished data) or very thin shells (e.g. Mytilus galloprovincialis). It is also interesting to note that spionid borings have not been observed on the shells of Monodonta confusa and Thais clavigera in the present study and previous studies (e.g. Sato-Okoshi 1999) , in spite of their habitat depth (lower intertidal and subtidal zones) where the spionids occurred in other sympatric gastropods such as Chlorostoma lischkei and Omphalius rusticus (Fig. 5) . Non-boring spionids were collected from a wide variety of substrates and were grouped into three habitat types: interstitial, epifaunal, and infaunal species (Fig. 2) . Nonpolydorid spionids (i.e. species other than polydorids) were found only in infaunal habitats. In contrast, polydorid species showed diverse habitats (Fig. 3) . Four polydorid species, Boccardiella hamata, Boccardia proboscidea, Boccardia pseudonatrix, and Pseudopolydora tsubaki utilized interstitial habitats such as mud deposition in crevices between oyster shells and their adherent substrates. Boccardiella hamata and Boccardia proboscidea were also collected from within a sponge, which represents a novel habitat for the two species (Fig. 6) . The infaunal species, Pseudopolydora cf. kempi and Pseudopolydora cf. reticulata, mainly occurred in intertidal mud/ sand flats. In contrast, other infaunal Pseudopolydora paucibranchiata and Pseudopolydora achaeta were usually collected from and considered to prefer a muddy subtidal environment. Pseudopolydora paucibranchiata were occasionally collected from lower intertidal areas, but Pseudopolydora achaeta was collected only from muddy sediment in 20 m depth off Kisarazu (site L, Fig. 3 ). Because the previous study also reported deep distribution (at a 20 m depth) of Pseudopolydora achaeta (Abe et al. 2016 ), it appears that the species prefers the deepest environment of the six known Japanese Pseudopolydora species.
In the epifaunal spionids, Carazziella spongilla was considered to be a brackish species because it was collected only from low salinity environments. Carazziella spongilla was originally described as inhabiting brackish Lake Shinji, Japan, where the salinity ranged from 0.7 to 2.0‰ (Sato-Okoshi 1998) . In the present study, C. spongilla made a mud tube and attached it to rocks or oysters (Fig. 2c) , so habitat selectivity of the species was different from the original description, which reported that this species forms mud tubes in the freshwater sponge Spongilla alba (Sato-Okoshi 1998). Thus, we concluded that this species is not host specific but utilizes a variety of substrates as epifaunal habitat in brackish environments. Another epifaunal species, Polydora cornuta, was collected for the first time from the surface of the exotic solitary ascidians Molgula manhattensis, which represents a novel habitat of the species.
Distribution of spionid polychaetes around Tokyo Bay
The distribution of boring spionids is assumed to be greatly influenced by both the distribution of their potential host molluscs and their own environmental preferences. In the present study, almost all boring spionids except for Polydora haswelli, Polydora websteri, and Dipolydora bidentata were collected only from relatively open environments outside of Tokyo Bay. These spionids excavated into the host shells, which were mainly distributed in the open environment and rarely distributed in Tokyo Bay. In the eutrophic Tokyo Bay, the anoxic blue tide that often occurs in summer and/or autumn seriously damages marine organisms, especially subtidal benthic species (Takeda et al. 1991) . Such damage precludes the existence of the molluscan hosts especially in the most inner part of the bay. This in turn limits the distribution of boring spionids, especially subtidal species, Dipolydora giardi and Polydora hoplura (previously recorded as Polydora uncinata in Japan: see Sato-Okoshi et al. 2017; Radashevsky and Migotto 2017) , which were collected mostly from subtidal gastropods in the present and previous studies (Sato-Okoshi 1999; Sato-Okoshi and Abe 2012) . Large molluscs such as the scallop Patinopecten yessoensis, subtidal limpet Niveotectura pallida (as Acmaea pallida), and abalone, which spionids had often infested in the previous study (Sato-Okoshi 1999), do not distribute in or rarely inhabit Tokyo Bay. Absence of available host shells in the bay may be one reason why there are few boring spionid species in Tokyo Bay. Even Polydora onagawaensis, which is known to bore into Crassostrea gigas (Teramoto et al. 2013), was not collected from the inner part of Tokyo Bay in the present study. Therefore, this species is assumed to prefer the open sea environment.
Polydora haswelli and Polydora websteri were collected only from the shells of Crassostrea gigas in the inner part of Tokyo Bay (Fig. 3) . Polydora websteri is a well-known, presumably cosmopolitan species, known to bore into the shells of various mollusc species worldwide (Blake 1996; Sato-Okoshi 1999; Read 2010) . This species inhabits hosts associated with muddy environments, particularly oyster beds (Sato-Okoshi and Abe 2013). It is considered to prefer enclosed embayment and not to have a specific preference for the host shell oysters. It is also suggested that Polydora haswelli, the sister species of Polydora websteri (Sato-Okoshi and Abe 2013), have similar habitat preferences.
The distribution trends of four interstitial spionids (Boccardiella hamata, Boccardia proboscidea, Boccardia pseudonatrix, and Pseudopolydora tsubaki) were somewhat variable: Boccardiella hamata was distributed widely outside of Tokyo Bay: Kominato (site A), Chikura (site B), Tomiura (site D), Takeoka (site E), Kannonzaki (site F), Ena (site G), and Jogashima (I) and only one site in Tokyo Bay: Mitate (site M), while Boccardia proboscidea, Boccardia pseudonatrix, and Pseudopolydora tsubaki were collected from a small number of sites outside Tokyo Bay: Chikura (site B), Tomiura (site D), Ena (site G), and Jogashima (site I) (Fig. 3) . These results indicate that the interstitial species prefers relatively open environments; a highly enclosed environment may not be suitable as they have never been collected from the innermost part of Tokyo Bay despite an abundance their preferred host, Pacific oysters. Furthermore, the distribution of interstitial species is may well be influenced by their mode of reproduction. The widely distributed Boccardiella hamata has long-term planktonic larval development (Dean and Blake 1966) , while the more patchy Boccardia proboscidea and Boccardia pseudonatrix have adelphophagic development with short or no planktonic larval stages (Sato-Okoshi 2000; Simon 2015) . Although Boccardia proboscidea is well known as a poecilogonous species (Gibson 1997) , only direct development has been reported in this species in Japan (Sato-Okoshi 2000) .
Different distribution trends among congeneric infaunal species was found in the genus Pseudopolydora. In Tokyo Bay, Pseudopolydora cf. kempi had been known as one of the most dominant species inhabiting soft-bottom habitats in estuaries and tidal flats (e.g., Nishi et al. 2007 Nishi et al. , 2009 Nishi et al. , 2010 . However, it was recently reported that the morphologically similar species, Pseudopolydora cf. reticulata, had been confused as Pseudopolydora cf. kempi in Japan (Abe et al. 2016) . In the present study, it was revealed that Pseudopolydora cf. reticulata was widely distributed in Tokyo Bay, while Pseudopolydora cf. kempi was distributed in a relatively limited area in Tokyo Bay (Fig. 3) . This observation indicates the possibility that Pseudopolydora cf. reticulata is more common and abundant in Tokyo Bay than Pseudopolydora cf. kempi. The distribution pattern of these two infaunal species may be related to their reproductive features: that is, the widely distributed Pseudopolydora cf. reticulata has long-term planktonic larval development while the more locally distributed Pseudopolydora cf. kempi shows shortterm planktonic larval or direct development (Kondoh et al. 2017) .
